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SRLQWRIYLHZWZRPDMRUDVSHFWVRIWKHPHFKDQLFDOEHKDYLRUDUHPDLQO\LQYROYHGLQZDWHUDJLQJWKHPRGLILFDWLRQRI
IUDFWXUH WRXJKQHVVGXH WRSODVWLFL]DWLRQ DQGGHJUDGLQJ HIIHFWV LQ WKHSRO\PHUQHWZRUN VWUXFWXUH DQG WKH VZHOOLQJ
GHIRUPDWLRQZKLFK FDQGHWHUPLQH LQWHUQDO VZHOOLQJ VWUHVVHVZKHQ WKHZDWHUGLVWULEXWLRQ LV QRW XQLIRUP RUZKHQ
LQWHUIDFHVDUHLQYROYHGEHWZHHQPDWHULDOVZLWKGLIIHUHQWK\JURVFRSLFVZHOOLQJFRHIILFLHQWV>@
6HYHUDOZRUNVKDYHLQSDUWLFXODUUHSRUWHGDUHGXFWLRQRIWKHJODVVWUDQVLWLRQWHPSHUDWXUHTgLQKLJKGHQVLW\FURVV
OLQNHGHSR[\V\VWHPVDVDFRQVHTXHQFHRIZDWHUDEVRUSWLRQ>@6XFKUHGXFWLRQ LV LQJHQHUDODVVRFLDWHG WRDQ
LQFUHDVHGPRELOLW\RIWKHSRO\PHUQHWZRUNVWUXFWXUHDQGKHQFHLWLVUHIHUUHGDVDSODVWLFL]DWLRQHIIHFW9HU\IHZZRUNV
WKRXJKKDYH LQYHVWLJDWHGZDWHUDJLQJSODVWLFL]DWLRQHIIHFWVE\GLUHFWO\PHDVXULQJ WKHPDWHULDO IUDFWXUH WRXJKQHVV
ZKLFKVKRXOGEHDPHFKDQLFDOSDUDPHWHUGLUHFWO\DIIHFWHGE\VXFKPRGLILFDWLRQV/LQHDU(ODVWLF)UDFWXUH0HFKDQLFV
WRXJKQHVV SDUDPHWHUV VXFK DV WKH FULWLFDO 6WUHVV ,QWHQVLW\)DFWRU cSIF RUKIC SURYLGH D FRQVROLGDWHG DQG UREXVW
DSSURDFKIRUFKDUDFWHUL]DWLRQRIWRXJKQHVVLQEULWWOHWKHUPRVHWSRO\PHUV>@,QIDFWWZRPDLQVWDQGDUGVDUHDYDLODEOH
IRUWKLVFKDUDFWHUL]DWLRQLH$670'DQG,62VSHFLILFIRUSODLQVWUDLQFUDFNWLSFRQGLWLRQV
2QHVLGHDVSHFWRIPHDVXULQJWKHIUDFWXUHWRXJKQHVVLQVDPSOHVWKDWKDYHEHHQFRQGLWLRQHGE\ZDWHUDEVRUSWLRQLV
WKHOLNHO\SUHVHQFHRILQWHUQDOVWUHVVHVDULVLQJGXHWRQRQXQLIRUPVZHOOLQJGHIRUPDWLRQ6XFKLQWHUQDOVWUHVVHVPD\
DOVREHVLJQLILFDQWO\HQKDQFHGE\WKHSUHVHQFHRIWKHQRWFKDQGVKDUSFUDFN>@
7KHDXWKRUVKDYHUHFHQWO\SURSRVHGDQHZDSSURDFKWRWKHVWXG\RIVZHOOLQJVWUHVVHVLQWUDQVSDUHQWJODVV\WKHUPRVHW
SRO\PHUVZKLFKXVHVWKHIXOOILHOGQRQFRQWDFWWHFKQLTXHRI3KRWRHODVWLF6WUHVV$QDO\VLV36$GHPRQVWUDWLQJWKH
SRWHQWLDOLWLHVRIWKLVWHFKQLTXHWRPRQLWRUWKHWUDQVLHQWLQWHUQDOVWUHVVVWDWHGXULQJZDWHUDEVRUSWLRQ>@,Q>@WKH
WHFKQLTXHZDVDOVRH[WHQGHGWRPRQLWRU6LQJOH(GJH1RWFKHG%HQGLQJVDPSOHVSUHSDUHGDFFRUGLQJWR$670'
LQ RUGHU WR PHDVXUH WKH PDWHULDO IUDFWXUH WRXJKQHVV 6RPH ILUVW UHVXOWV KDYH UHJDUGHG D '*(%$ HSR[\ VDPSOH
K\GURWKHUPDOO\DJHGDW&DQGKDYHKLJKOLJKWHGD VWURQJ LQIOXHQFHRI WKH VZHOOLQJVWUHVVHV LQ WKHPHDVXUHRI
IUDFWXUHWRXJKQHVVZKHQWKHZDWHUDEVRUEHGKDVQRWUHDFKHGWKHVDWXUDWLRQVWDJH7KH36$WHFKQLTXHKDVDOVRDOORZHG
WRYHULI\WKDWVDPSOHVLQWKHVDWXUDWHGVWDJHVUHJDLQDVWUHVVIUHHVWDWHDQGWKHIUDFWXUHWRXJKQHVVLQWKLVILQDOFRQGLWLRQ
LVDUHOLDEOHLQGLFDWLRQRIWKHLQWULQVLFIUDFWXUHWRXJKQHVVRIWKHDJHGPDWHULDO
,Q WKLVZRUN WKH VWDQGDUG FKDUDFWHUL]DWLRQ RI IUDFWXUH WRXJKQHVV DVVLVWHG E\ 36$ LV SURSRVHG WR FRPSDUH WKH
EHKDYLRURIWZRGLIIHUHQWHSR[\PDWHULDOVDKLJKO\FURVVOLQNHG'*(%$HSR[\DQGDFRPPHUFLDOORZGHQVLW\FURVV
OLQNHGHSR[\V\VWHPDEOHWRFXUHLQURRPWHPSHUDWXUHFRQGLWLRQV7KH36$DQG)UDFWXUHDQDO\VHVKDYHEHHQFDUULHG
RXW WRJHWKHUZLWKJUDYLPHWULF WHVWV DVVHVVLQJ WKHDEVRUSWLRQNLQHWLFV DQG'\QDPLF0HFKDQLFDO7KHUPDO$QDO\VLV
'07$KLJKOLJKWLQJFKDQJHVLQWKH*ODVV7UDQVLWLRQ7HPSHUDWXUHTg$JLQJZDVSHUIRUPHGLQDZDWHUEDWKDW
&WRDFFHOHUDWHWLPHWRVDWXUDWLRQDQGPD[LPL]HWKHVRDNHGZDWHU5HVXOWVKDYHHYLGHQFHGVLJQLILFDQWGLIIHUHQFHVLQ
WKHPHFKDQLVPVRILQIOXHQFHRIVZHOOLQJVWUHVVHVDQGWKHOHYHORIZDWHUDEVRUEHGDQGPDWHULDOSODVWLFL]DWLRQ
([SHULPHQWDOSURFHGXUH
2.1. Materials and samples preparation 
7KHPDWHULDOV DQDO\VHG LQ WKLV ZRUN DUH ELV>JO\FLG\OR[\SKHQ\O@SURSDQH '*(%$ HSR[LGH HTXLYDOHQW
ZHLJKWFXUHGE\¶GLDPLQRGLSKHQ\OVXOIRQH''6ERWKVXSSOLHGE\6LJPD$OGULFKDQGDQHSR[\UHVLQ
VXSSOLHGE\0DWHV,WDOLDQDVUOZLWKWUDGHQDPHRI6;(YRDQGKDUGHQHUW\SH0PHGLXP7KHILUVWV\VWHPZDV
SUHSDUHGE\PL[LQJWKHPRQRPHUZLWKDVWRLFKLRPHWULFDPRXQWRI''6DPLQHIXOO\GLVVROYHGE\PHFKDQLFDOVWLUULQJ
DW&IRUPLQXWHV>@7KHWZREOHQGHGV\VWHPVZHUHFDVWHGLQWRDVWHHOSODWHZLWKDJORVV\VXUIDFHILQLVKDEOH
WRSURYLGHHDV\UHOHDVHDQGRSWLPDOWUDQVSDUHQF\RIWKHFXUHGSDQHOV7KHFXULQJSURFHVVIRU'*(%$FRQVLVWHGRID
SHUPDQHQFHDW&IRUKRXUVZKLOH WKH0DWHV6;ZDVFXUHGDW URRPWHPSHUDWXUH%HIRUH WKHSRVWFXULQJ
F\FOHVWKHVDPSOHVZHUHSUHSDUHGFXWWLQJUHFWDQJXODUEHDPVZLWK[[PPQRPLQDOGLPHQVLRQ7KHVHGLPHQVLRQV
ZHUHDOVRVXLWDEOHIRUWKH'07$WHVWUHTXLUHPHQWV7KHSRVWFXULQJF\FOHVFRQVLVWHGLQWKHSHUPDQHQFHRI'*(%$
''6DQG6;DWUHVSHFWLYHO\&DQG&IRUWZRKRXUVIROORZHGE\DVORZFRROLQJWRURRPWHPSHUDWXUHLQ
KRXUV6XFKVORZFRROLQJZDVDOVRDEOHWRGHWHUPLQHDIXOO\VWUHVVIUHHFRQGLWLRQLQDOOVDPSOHVZKLFKZHUHWKHQ
SODFHGLQWKHWKHUPDOEDWKWRVWDUWWKHLUDJLQJFRQGLWLRQLQJ
2.2. Gravimetric and DMTA analysis 
7KHVDPSOHVZHUHDJHGLQDWKHUPDOEDWKDW&LQRUGHUWRDFFHOHUDWHZDWHUGLIIXVLRQZLWKUHVSHFWWRK\JUR
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WKHUPDOFRQGLWLRQLQJ7KLVUHODWLYHO\ORZWHPSHUDWXUHZDVFKRVHQWRNHHSWKH6;VDIHO\DZD\IURPLWVTgZKLFK
ZDVPHDVXUHGWREHDERXW&7KHFKRLFHRIWKHEDWKWHPSHUDWXUHZDVLQSDUWLFXODUVXSSRUWHGE\DSUHOLPLQDU\
FKHFNRQWKH6;V\VWHP7KLVFRQVLVWHGLQNHHSLQJDVDPSOHRI6;LQWKHRYHQDW&IRURQHZHHNDQGFRPSDUH
WKH'07$UHVXOWVEHIRUHDQGDIWHUWKLVSXUHO\WKHUPDOFRQGLWLRQLQJ7KLVDOORZHGWRYHULI\WKDW6;GLGQRWGHJUDGH
DQGLWVTgZDVOLWWOHDIIHFWHGE\WKHSHUPDQHQFHDW&
*UDYLPHWULFDQDO\VLVZDVFDUULHGRXWE\ZHLJKLQJDQXPEHURIVDPSOHV LQDQHOHFWURQLFEDODQFHZLWKPJ
UHVROXWLRQ:HLJKWVZHUHWDNHQDWUHJXODULQWHUYDOVDIWHUZLSLQJRIIDQ\UHVLGXDOVXUIDFHZDWHUIURPWKHVDPSOHV7KH
PDVVXSWDNHLQWHUPVRIUHODWLYHPDVVFKDQJHMrZDVHYDOXDWHGE\WKHIROORZLQJHTXDWLRQV
t ir
i
M M
M
M

 u        
ZKHUHMtLVWKHPDVVDWWKHDFWXDOFRQGLWLRQLQJMiLVWKHPDVVDWWKHEHJLQQLQJRIDEVRUSWLRQ>@
'\QDPLQ0HFKDQLFDO7KHUPDO$QDO\VLV'07$ZDVSHUIRUPHGRQD5KHRPHWULFV'07$9LQDVLQJOHFDQWLOHYHU
EHDPDUUDQJHPHQWDWDKHDWLQJUDWHRIGL&PLQIUHTXHQF\RI+]DQGHORQJDWLRQRI,QWKLVZRUNWKH
WHPSHUDWXUHDWWKHSHDNRIWKHTanGFXUYHLVFRQVLGHUHGDVLQGLFDWLYHRIWKH*ODVV7UDQVLWLRQ7HPSHUDWXUHTg
7KH'07$DQG)UDFWXUH7RXJKQHVVFKDUDFWHULVDWLRQVZHUHFDUULHGRXWDWWKUHHVSHFLILFWLPHV
VWDUWRIWKHDJLQJFRQGLWLRQLQJPDWHULDOLQWKHVWUHVVIUHHSRVWFXUHGFRQGLWLRQ
DWWKHUHDFKRIDPD[LPXPLQWHUQDOVWUHVVVWDWHDFFRUGLQJWRWKHSKRWRHODVWLFDQDO\VLV
DWWKHUHDFKRIFRPSOHWHVWUHVVUHOD[DWLRQRIWKH'*(%$V\VWHPLHDIWHUDERXWKRXUV
2.3. Photoelastic stress analysis 
7KHVWUHVVILHOGPHDVXUHGE\WKH36$DULVHVIURPWKHLQLWLDOQRQXQLIRUPVZHOOLQJLQGXFHGE\WKHVORZZDWHULQJUHVV
DQGGLIIXVLRQZLWKLQWKHVDPSOH,QIDFWWKHLQLWLDOVWDJHVRIZDWHUDEVRUSWLRQGHWHUPLQHDVZHOOLQJRIWKHVDPSOHRXWHU
]RQHVUHDFKHGE\WKHZDWHU7KLVLQLWLDOVZHOOLQJLVWKRXJKUHVWUDLQHGE\WKHLQWHUQDONHUQHORIPDWHULDOQRW\HWUHDFKHG
E\ZDWHU7KLVGHWHUPLQHVDVWDWHRIVHOIHTXLOLEUDWHGVWUHVVHVJHQHUDWLQJFRPSUHVVLRQQHDUWKHVXUIDFHVDQGWUDFWLRQLQ
WKHNHUQHO>@7KHQDWXUHDQGSKRWRHODVWLFEHKDYLRURIVXFKVZHOOLQJVWUHVVHVLQSRO\PHUVKDVVRPHVWURQJVLPLODULWLHV
ZLWKWKHFDVHRIUHVLGXDOVWUHVVHVLQWHPSHUHGJODVVHVZKHUHVLPLODUSKRWRHODVWLFPHWKRGVKDYHEHHQDSSOLHG>
@
,W LVZHOO NQRZQ WKDW 36$ DOORZV WKH TXDQWLWDWLYH HYDOXDWLRQ RI WKH SULQFLSDO VWUHVVHV GLIIHUHQFH V1V2 7KLV
TXDQWLW\LVGLUHFWO\UHODWHGWRWKHUHODWLYHUHWDUGDWLRQGWKDWFDQEHREWDLQHGE\FRPELQLQJGLJLWDOO\DFTXLUHGLPDJHV
ZLWKGLIIHUHQWDQJXODUSRVLWLRQVRIWKHRSWLFDOHOHPHQWVSKDVHVKLIWLQJPHWKRGV>@,IWKHDQDO\VLVLVFDUULHGRXWLQ
]RQHVZKHUH WKH LVRFOLQLF SDUDPHWHUT  ZKHUHTLV WKH DQJOH EHWZHHQ WKHx D[LV DQG WKH FORVHU SULQFLSDO VWUHVV
GLUHFWLRQVHH)LJRQHSDUWLFXODUO\FRQYHQLHQWSKDVHVKLIWLQJVFKHPHLVWKH7DUG\3KDVH6KLIWLQJ>@7KLVLVDEOH
WRGHWHUPLQH WKH UHWDUGDWLRQE\FRPELQLQJRQO\ WKUHH LPDJHVDFTXLUHG LQPRQRFKURPDWLF OLJKWZLWK WKUHHDQJXODU
SRVLWLRQVRIWKHDQDO\]HUȕA,QWKLVFDVHWKHWKUHHHPHUJLQJLQWHQVLWLHVIDQGWKHUHWDUGDWLRQDUHJLYHQE\
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ZKHUHWKHXSSHUDQGORZHUVLJQLQEDQGDUHUHVSHFWLYHO\IRUWKHDQJOHĮ DQGĮ EHWZHHQWKHSULQFLSDO
VWUHVVı1DQGWKHKRUL]RQWDOUHIHUHQFHD[LVx VHHDOVR)LJIRUDVFKHPDWLFLGHQWLILFDWLRQRIGLUHFWLRQVDQGDQJOHV
7KH7DUG\3KDVH6KLIWLQJZDVVXFFHVVIXOO\DSSOLHGRQXQFUDFNHGVDPSOHVZKHUHWKHYHUWLFDOV\PPHWU\D[LVFDQ
EHHDVLO\YHULILHG WREHDOVRD]HURRUGHU LVRFOLQLF>@ ,Q WKHFDVHRID6(1%FUDFNHGVDPSOH WKHSUHVHQFHRI WKH
VLQJXODULW\LVH[SHFWHGWRKDYHDVLJQLILFDQWLQIOXHQFHRQWKHVWUHVVILHOGGLVWULEXWLRQDWWKHFUDFNWLS7KHLVRFOLQLF
SDUDPHWHUDORQJWKHYHUWLFDOV\PPHWU\D[LVRIWKH6(1%VDPSOHQHHGVWREHGHWHUPLQHGLQRUGHUWRFRQFOXGHWKDWWKH
7DUG\3KDVH6KLIWLQJFDQVWLOOEHDSSOLFDEOH7KLVZDVGRQHLQWKLVZRUNE\LPSOHPHQWLQJDVHFRQGSKDVHVKLIWLQJ
SURFHGXUH LQZKLWH OLJKW DQGZLWK DSODQH SRODULVFRSH >@,QWURGXFWLRQ7KH LVRFOLQLF LV LQSDUWLFXODU REWDLQHGE\
FRPELQLQJ IRXU LPDJHVFRUUHVSRQGLQJ WR WKHDQJOHVZ Z2 Z3 Z4 RI WKHDQDO\]HUDQG
SRODUL]HUFRXSOHZLWKWKHKRUL]RQWDOUHIHUHQFHxD[LV. 7KH IRXUHPHUJLQJLQWHQVLWLHVDUHJLYHQE\
    VLQ i j f j w j iI I I T Z   ZLWKi=1,2,3,4FRUUHVSRQGLQJDWWKHIRXUDQJOHVȦDQGj = r, g, b 
%\FRQVLGHULQJWKHDYHUDJHRIWKHWKUHHUHGJUHHQDQGEOXHLPDJHVIRUHDFKDQJOHȦ
i r g bI I I I   ZLWKi         
WKHLVRFOLQLFSDUDPHWHUFDQEHGHWHUPLQHGE\
 
 


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
        


)LJVFKHPHRI6(1%VDPSOHWRSDQGGHILQLWLRQRID[HVIRUWKHFLUFXODUDQGSODQHSRODULVFRSHLQWKH7DUG\3KDVH6KLIWLQJERWWRPOHIWDQG
LVRFOLQLFGHWHUPLQDWLRQERWWRPULJKW

2.4. Fracture Toughness
7KHYDOXHRI WKHFULWLFDO VWUHVV LQWHQVLW\ IDFWRUKIC LVGHWHUPLQHGIURP6(1%VSHFLPHQVSUHSDUHGDFFRUGLQJ WR
$670',QSDUWLFXODUDVSDQRIPPZDVVHWIRUDVDPSOHKHLJKWRIDERXW: PPDQGDYDOXHRI%
FRPSDWLEOHZLWKWKHUHTXLUHGUDQJHRI%:%VHHDOVR)LJDQG$670'>@6DPSOHVZHSUHSDUHGE\
ILUVWPDFKLQLQJDQRWFKZLWKDGLDPRQGEDQGVDZRI WKLFNQHVVPP7KHQDFUDFNWLSIURPWKHQRWFKURRWZDV
REWDLQHGE\UD]RUWDSSLQJ7KHWUDQVSDUHQF\RIWKHVDPSOHDOORZHGWRFRQWUROWKHVWUDLJKWQHVVRIWKHFUDFNIURQWDQG
WKHOHQJWKRIWKHUD]RUWDSSLQJJURZQFUDFNZKLFKZHUHFRPSOLDQWZLWK>@)XUWKHUPRUHWKHVL]HFULWHULRQIRUWKH
H[LVWHQFHRI3ODLQ6WUDLQFRQGLWLRQVZDVODUJHO\VDWLVILHGIRUERWKPDWHULDOV
D
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5HVXOWVDQGGLVFXVVLRQ
3.1. Gravimetric data and DMTA  
)LJXUHVKRZVWKHFXUYHRIPDVVXSWDNHIRUWKHWZRHSR[\V\VWHPV%RWKPDWHULDOVH[KLELWDQDEVRUSWLRQEHKDYLRXU
IDLUO\ FORVH WR D RQH GLPHQVLRQDO )LFNLDQ GLIIXVLRQ PRGHO >@ 7KH VDPSOHV PRQLWRUHG KDG QHDUO\ LGHQWLFDO
GLPHQVLRQVKHQFH6;KDVDEVRUEHGDVLJQLILFDQWO\OHVVDPRXQWRIZDWHUWKDQ'*(%$XSWRKRXUV,WLVKHUH
REVHUYHGWKDWERWKV\VWHPVKDYHQRW\HWUHDFKHGDIXOO\VDWXUDWHGFRQGLWLRQDOWKRXJKDVZLOOEHVKRZQLQWKHQH[W
VHFWLRQVWKH'*(%$V\VWHPUHDFKHVDFRPSOHWHVWUHVVIUHHFRQGLWLRQDWK


)LJ0DVVXSWDNHFXUYHRIWKHDQDO\VHGHSR[\V\VWHPV
)LJXUHVKRZVWKHtanGFXUYHVIURP'07$DWWKHWKUHHPRQLWRUHGVWDJHV,WLVLQJHQHUDOFRQILUPHGWKDW'*(%$
LVDKLJKO\FURVVOLQNHGV\VWHPZLWKDTg LQQRWDJHGFRQGLWLRQVRIDERXW&YHUVXV&RIWKH6;,W LV
VXJJHVWHGWKDWWKHORZHUFURVVOLQNGHQVLW\LQWKH6;GHWHUPLQHVDPRUHIOH[LEOHQHWZRUNVWUXFWXUHZKLFKLVDEOHWR
FRPSDFWPRUHVRUHGXFLQJWKHDPRXQWRIIUHHYROXPH>@7KLVZRXOGH[SODLQWKHORZHUDPRXQWRIDEVRUEHGZDWHU



)LJtanGYVWHPSHUDWXUHFXUYHVIURP'07$
5HJDUGLQJWKHWUDQVIRUPDWLRQVLQGXFHGE\DJLQJ'*(%$FRQILUPVWKHEHKDYLRXUDOUHDG\REVHUYHGDWKLJKHUDJLQJ
WHPSHUDWXUHV>@LHWKHUHLVDUHGXFWLRQRITgDQGDZLGHQLQJRIWKHtanGFXUYH$WKRXUVLQSDUWLFXODUWKHUHLV
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DPDUNHGVKRXOGHUWRZDUGVORZHUWHPSHUDWXUHVZLWKWKHSUHVHQFHRIDGRXEOHSHDN>@7KHEHKDYLRXUIRU6;LV
TXLWHGLIIHUHQW ,QIDFW WKHPDLQSHDNGRHVQRWPRYHVLJQLILFDQWO\ LQGLFDWLQJDVWDEOHTg ,W LV LQVWHDGQRWLFHG WKH
IRUPDWLRQRIDVPDOOVKRXOGHUWRZDUGVKLJKHUWHPSHUDWXUHV7KLVHIIHFWPLJKWLQGLFDWHDQDWWHPSWRIWKHPDWHULDOVWR
SRVWFXUHSUREDEO\LQGXFHGE\WKHORQJSHUPDQHQFHDW&7KLVVKRXOGGHWHUPLQHDQHPEULWWOLQJHIIHFWPRUHWKDQ
DSODVWLFLVDWLRQVLQFHDKLJKHUFURVVOLQNGHQVLW\UHGXFHVWKHQHWZRUNPRELOLW\

3.2. Swelling stresses analysis: un-notched samples 
,QRUGHUWRSHUIRUPDTXDQWLWDWLYH36$WKHSKRWRHODVWLFFRQVWDQWRIWKHPDWHULDOLVQHHGHG7KLVZDVPHDVXUHGRQ
EHDP VDPSOHV RI GLPHQVLRQV îîPP WHVWHG LQ IRXU SRLQW EHQGLQJ >@ 7KH SKRWRHODVWLF FRQVWDQW ZDV LQ
SDUWLFXODUPHDVXUHGRQWKHQRWDJHGFRQGLWLRQDQGDWKRIDJLQJFRQGLWLRQLQJ7KHQRWDJHGPDWHULDOJDYHWKH
IROORZLQJYDOXHVCA [PP1DQGCSX=[PP1UHVSHFWLYHO\IRU'*(%$DQG6;7KHDJHG
PDWHULDO JDYH WKH IROORZLQJYDOXHVCA=[PP1 DQGCSX=[PP1 UHVSHFWLYHO\ IRU'*(%$DQG
6;,WLVWKHQREVHUYHGDUHGXFWLRQIRUWKHSODVWLFLVHGPDWHULDOLH'*(%$DQGDQLQFUHPHQWIRUWKHHPEULWWOHG
PDWHULDO6;7KHVH UHVXOWV DUH LQ OLQHZLWKRWKHU H[SHULHQFHVPDGHE\ WKH DXWKRUVRQRWKHU HSR[\ V\VWHPV DOO
LQGLFDWLQJWKDWDGHFUHDVLQJTgXVXDOO\FRUUHODWHVZLWKDUHGXFWLRQRIWKHSKRWRHODVWLFFRQVWDQWCDQGYLFHYHUVD
36$ RI XQFUDFNHG UHFWDQJXODU EHDP VDPSOHV DOORZHG PRQLWRULQJ WKH VZHOOLQJ VWUHVVHV WKDW DULVH GXULQJ WKH
DEVRUSWLRQSURFHVV)LJXUHVKRZVLPDJHVRIWKHLVRFKURPDWLFVIURPDFLUFXODUSRODULVFRSHLQZKLWHOLJKWDWWKHWLPH
ZKHQWKHPD[LPXPVx-VyYDOXHLVUHDFKHGRQWKHERUGHUDORQJWKHORQJHUVLGHRIWKHEHDPVDPSOH


)LJPDSVRILVRFKURPDWLFRQXQQRWFKHGVDPSOHVIURPDFLUFXODUSRODULVFRSHLQZKLWHOLJKW

)LJSORWVRIVx-VyDORQJWKHYHUWLFDOV\PPHWU\D[LVYHUVXVWLPHOHIWDQGSRVLWLRQULJKW
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)LJXUHUHSRUWVUHVXOWVRIWKHLVRFKURPDWLFUHWDUGDWLRQDORQJWKHYHUWLFDOV\PPHWU\D[LVRIWKHVDPSOHIURPWKH
HGJH y/W WRWKHFHQWUHRIWKHVDPSOHy/W ,WKDVEHHQREVHUYHGE\WKHDXWKRUVWKDWWKHUHVXOWVRIWKH7DUG\
3KDVH6KLIWLQJDQDO\VLVSURYLGHLQSDUWLFXODUWKHGLIIHUHQFHRIWKHQRUPDOVWUHVVFRPSRQHQWVVxVyDORQJWKHyD[LV
>@,WLVLQSDUWLFXODUREVHUYHGWKDWWKH'*(%$V\VWHPUHDFKHVVLJQLILFDQWO\KLJKHUVWUHVVHVPRUHWKDQWKUHHWLPHV
WKHQWKH6;LQERWKFRPSUHVVLRQQHDUWKHHGJHDQGWHQVLRQLQWKHLQQHUFHQWUDODUHD,WLVDOVRREVHUYHGWKDW
ZKHQWKH'*(%$V\VWHPUHJDLQDIXOO\VWUHVVIUHHFRQGLWLRQLHFRPSOHWHUHOD[DWLRQGXHWRWKHVZHOOLQJRIWKHVDPSOH
NHUQHOWKH6;KDVLQVWHDGDQHJDWLYHSHDNRIVxVyLQGLFDWLQJWKDWWKHVZHOOLQJLVVWLOOQRQXQLIRUP
3.3. Swelling stresses analysis: cracked SENB samples 
7KHHYROXWLRQRILVRFKURPDWLFVLQWKH6(1%VDPSOHVLVVKRZQLQ)LJZKHUHWKHFHQWUDOFUDFN]RQHLVVKRZQDW
GLIIHUHQWWLPHVIURPWKHDJLQJVWDUWKRXUVIRU'*(%$ILJXUHWRSURZDQGKRXUV
IRU6;)LJERWWRPURZ6RPHYHU\SHFXOLDUGLIIHUHQFHVFDQEHREVHUYHGLQWKHEHKDYLRXUVRIWKHWZRHSR[\
V\VWHPV,QIDFWWKH'*(%$V\VWHPLVGHYHORSLQJDVWUHVVFRQFHQWUDWLRQDWWKHFUDFNWLSVLQFHWKHYHU\HDUO\VWDJHV
RIZDWHUDEVRUSWLRQ+LJKVWUHVVHVVHWDORQJWKHVWUDLJKWERUGHURSSRVLWHWRWKHQRWFKDURXQGWKHQRWFKDQGDORQJWKH
IODQNVRIWKHFUDFN6XFKVWUHVVHVUHDFKHGDPD[LPXPDIWHUDERXWK$WKWKH'*(%$V\VWHPLVDOPRVWIXOO\
UHOD[HGLQWKHOLJDPHQWVHFWLRQLHIURPWKHFUDFNWLSWRWKHVWUDLJKWHGJH
,QWKH6;V\VWHPWKHUHVHHPVWREHQRVLJQRIVWUHVVFRQFHQWUDWLRQDWWKHFUDFNWLSLQWKHHDUO\VWDJHVRIDEVRUSWLRQ
HJVHHKDQGK7KHLVRFKURPDWLFIULQJHVDWWKHQRWFKURRWDWKDUHSDUDOOHOWRWKHURXQGSURILOHRIWKH
QRWFKZKLOHWKHIODQNVRIWKHFUDFNVHHPWRQRWLQIOXHQFHWKHLVRFKURPDWLFV,WVHHPVWKDWWKHUHLVDVWUHVVFRQFHQWUDWLRQ
RQO\GXHWRWKHQRWFKVLQJXODULW\DQGQRWWRWKHVKDUSFUDFNVLQJXODULW\DVREVHUYHGIRU'*(%$7KLVEHKDYLRXULV
ZHOOH[SODLQHGE\WKHODFNRIZDWHUSHQHWUDWLRQZLWKLQWKHFUDFN7KHFUDFNLVSHUIHFWO\FORVHGE\WKHFRPSUHVVLRQ
VWUHVVHVGHYHORSHGDWWKHQRWFKURRWDQGWKHPDWHULDOLVQRWDEVRUELQJZDWHUWKURXJKWKHFUDFNIODQNVDVLWVHHPVWR
KDSSHQIRU'*(%$0RUHRYHUZLWKWKHSURJUHVVLRQRIWKHDJLQJWLPHWKHFUDFNWLSRIWKH6;VWDUWVWRGHYHORSD
VWUHVVFRQFHQWUDWLRQZHOOYLVLEOHDWKRXUVLHZKHQWKH'*(%$LVIXOO\UHOD[HG7KLVVHHPVWRVXJJHVWWKDWWKH
FUDFNIODQNVRI WKH6;EHJLQWR ORFDOO\DEVRUEZDWHUDWD ODWHU WLPHZKHQWKHVDPSOHHGJHVQRWFKDQGVWUDLJKW
ERUGHUVKDYHDOPRVWIXOO\UHOD[HGWKHLUVWUHVVHV


)LJ(YROXWLRQZLWKDJLQJWLPHRILVRFKURPDWLFPDSVIURP6(1%VDPSOHVIRU'*(%$WRSURZDQG6;ERWWRPURZ
)LJXUHDVKRZVWKHSORWVRIVxVyYHUVXVWKHDJLQJWLPHDWDSRLQWRIWKHOLJDPHQWyW LHYHU\QHDUWKHFUDFN
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WLSZKLOH)LJEVKRZVVxVyLQDOOSRLQWVRIWKHOLJDPHQWDWIRXUWLPHV,WLVDJDLQREVHUYHGWKDWWKH'*(%$V\VWHP
UHDFKHVPXFKKLJKHU VWUHVVYDOXHV7KH ]RQH DKHDGRI WKH FUDFN KDV DQ LQFUHPHQW RIVxVy WKDW LV EHOLHYHG WREH
EDODQFHGE\DFRPSUHVVLRQEHWZHHQ WKHIODQNVRI WKHFUDFN LH LQ WKHZDNHRI WKHFUDFNVHHDOVR>@ IRUDPRUH
H[WHQGHGGLVFXVVLRQRIWKLVHIIHFW)URP)LJELWLVREVHUYHGWKDWVxVyDWWKHFUDFNWLSRI6;LVGHFUHDVLQJIURP
KRXUV WRKRXUV7KLV LV LQDJUHHPHQWZLWKZKDWREVHUYHG LQ)LJDW WKHFUDFNWLSRI6;DWKRXUV
LQGLFDWLQJWKDWDQHJDWLYHVWUHVVFRQFHQWUDWLRQLVDULVLQJGXHWRORFDOVZHOOLQJ
)LJXUHVKRZVWKHPDSVRIWKHLVRFOLQLFSDUDPHWHUTIURPD'*(%$DQGD6;6(1%VDPSOHV7KHVHPDSVKDYH
EHHQREWDLQHGE\WKHSKDVHVKLIWLQJSURFHGXUHRXWOLQHGLQVHFWLRQ,QWKLVZRUNLWLVRQO\REVHUYHGWKDWWKHYDOXH
RITDORQJWKHYHUWLFDOV\PPHWU\D[LVLHLQWKHOLJDPHQWJRLQJIURPWKHFUDFNWLSWRWKHRSSRVLWHVDPSOHHGJHKDVD
YDOXHRIT 7KLVPHDQVWKDWWKHVxDQGVyVWUHVVFRPSRQHQWVLQWKHOLJDPHQWDUHDOVRSULQFLSDOVWUHVVHVDQGLWLV
SRVVLEOHWRDSSO\WKHWKUHHLPDJHV7DUG\3KDVH6KLIWLQJVLPSOLILHGPHWKRG

 
D E
)LJSORWVRIVx-VyDORQJWKHYHUWLFDOV\PPHWU\D[LVOLJDPHQWYHUVXVWLPHOHIWDQGSRVLWLRQULJKW

)LJ0DSVRILVRFOLQLFSDUDPHWHURYHUWKHFHQWUHFUDFNHG]RQHRID6(1%VDPSOH
3.3. Fracture toughness evaluation 
)LJXUHVXPPDULVHVWKHPHDVXUHGYDOXHVRIIUDFWXUHWRXJKQHVVKICDWWKHWKUHHVWDJHVRIREVHUYDWLRQ5HVXOWVIRU
'*(%$FRQILUPWKHEHKDYLRXUDOUHDG\REVHUYHGZLWKK\GURWKHUPDODJLQJDW&>@,WLVLQSDUWLFXODUFRQILUPHG
WKH LQFUHPHQW RI IUDFWXUH WRXJKQHVV GXH WR LQLWLDO KLJK VZHOOLQJ VWUHVVHV RQH ZHHN DJLQJ ZKLFK LV GXH WR WKH
FRPSUHVVLYHVWUHVVHVDULVLQJLQWKHZDNHRIWKHFUDFN6LQFHWKHPDWHULDOLVDOPRVWVWUHVVIUHHDWKZKLFKLVD
QHDUVDWXUDWLRQFRQGLWLRQIRU'*(%$WKHLQFUHPHQWRIKICKHUHLVH[SODLQHGE\WKHSODVWLFLVDWLRQLQGXFHGE\ZDWHU
LQWKHPDWHULDODOVRFRQILUPHGE\WKH'07$
5HJDUGLQJWKH6;LWLVVHHQWKDWLWVLQLWLDOIUDFWXUHWRXJKQHVVLVKLJKHUWKDQWKH'*(%$7KLVZDVH[SHFWHGVLQFH
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6;KDVDPXFKORZHUTgDQGKHQFHLWLVDPRUHGXFWLOHHSR[\,WLVDOVRIRXQGWKDWKICLVQRWFKDQJLQJVLJQLILFDQWO\
DIWHURQHZHHNDJLQJDQGWKLVUHVXOWFDQEHFRUUHODWHGZLWKWKH'07$ZKHUHLWZDVDOVRREVHUYHGWKDWWKHTgRIWKH
PDWHULDOLVVXEVWDQWLDOO\XQFKDQJHG,WLVILQDOO\REVHUYHGWKDWKICDWKRXUVLVVOLJKWO\KLJKHU7KLVLQFUHPHQWLV
SUREDEO\FRUUHODWHGWRWKHORFDOFRPSUHVVLRQVWUHVVHVDULVLQJDURXQGWKHFUDFNWLSLQ6;DQGKHQFHLVQRWFRUUHODWHG
WRDQ\DJLQJLQGXFHGFKDQJHVLQWKHPDWHULDOQHWZRUNVWUXFWXUH


)LJ9DOXHVRI)UDFWXUH7RXJKQHVVKIC
&RQFOXVLRQ
,QWKLVZRUN3KRWRHODVWLF6WUHVV$QDO\VLVKDVDOORZHGWRPRQLWRUWKHGHYHORSPHQWDQGHYROXWLRQRIVZHOOLQJLQGXFHG
VWUHVVHV LQ UHFWDQJXODU EHDP DQG FUDFNHG 6LQJOH (GJH 1RWFKHG %HQGLQJ HSR[\ VDPSOHV 7KH TXDOLWDWLYH DQG
TXDQWLWDWLYHLQWHUSUHWDWLRQRIWKHLVRFOLQLFDQGLVRFKURPDWLFIULQJHVKDVLQSDUWLFXODUDOORZHGWRGHWHUPLQHWKHQDWXUH
RIWKHVWUHVVILHOGDULVLQJQHDUWKHFUDFNWLSGXULQJDJLQJ
7KHSURSRVHGDQDO\VLVKDVEHHQDSSOLHGWRWKHVWXG\RIWZRHSR[\V\VWHPVGLIIHULQJIRUWKHFURVVOLQNGHQVLW\D
KLJKWHPSHUDWXUHWKHUPDOO\FXUHG'*(%$''6DFKLHYLQJDTgRI&DQGDFRPPHUFLDOHSR[\UHVLQ6;
FXUHGDW URRP WHPSHUDWXUHDQGDFKLHYLQJDTgRI&7KHGLIIHUHQWFURVVOLQNGHQVLWLHVDOVRGHWHUPLQHD ORZHU
IUDFWXUHWRXJKQHVVPHDVXUHGE\KICIRU'*(%$GXHWRLWVPRUHULJLGVWUXFWXUDOQHWZRUN%RWKV\VWHPVKDYHEHHQ
DJHGLQDWKHUPDOEDWKRIZDWHUDW&
,Q JHQHUDO LW KDV EHHQ REVHUYHG WKDW '*(%$ DEVRUEV D VLJQLILFDQWO\ KLJKHU DPRXQW RI ZDWHU WKDQ 6;
)XUWKHUPRUH WKHZDWHU LVDEOH WRSHQHWUDWH WKHVKDUSFUDFN LQWURGXFHG LQ WKH6(1%VDPSOHE\UD]RU WDSSLQJ7KLV
JHQHUDWHVDVWUHVVFRQFHQWUDWLRQDWWKHFUDFNWLSDQGLQWKHZDNHRIWKHFUDFNZKLFKHQKDQFHVWKHPHDVXUHGYDOXHRI
KIC$VZDWHUDEVRUSWLRQDSSURDFKHVVDWXUDWLRQ'*(%$UHJDLQVDIXOO\VWUHVVIUHHFRQGLWLRQPHDQZKLOHWKH'07$
UHYHDOVDSURJUHVVLYHUHGXFWLRQRITgDQGDZLGHQLQJRIWKHtanGFXUYHZKLFKVKRXOGLQGLFDWHDSODVWLFLVDWLRQRIWKH
SRO\PHUQHWZRUN7KHYDOXHRIKICLQWKLVQHDUVDWXUDWLRQFRQGLWLRQKDVLQGHHGFRQILUPHGWKLVSODVWLFLVDWLRQLQGLFDWLQJ
DQLQFUHDVHZLWKUHVSHFWWRWKHXQDJHGFRQGLWLRQ
7KH6;RQWKHFRQWUDU\HYLGHQFHVDVWDEOHIUDFWXUHWRXJKQHVVWKURXJKRXWWKHLQLWLDOVWDJHVRIDEVRUSWLRQGXULQJ
ZKLFKWKH'07$DOVRHYLGHQFHVDVWDEOHTg,WZDVLQSDUWLFXODUREVHUYHGDOVRWKDWZDWHUZDVLQLWLDOO\QRWDEOHWR
SHQHWUDWHWKHIODQNVRIWKHVKDUSFUDFNDQGWKHVWUHVVILHOGDWWKHFUDFNWLSUHPDLQVXQDIIHFWHG:LWKWKHSURJUHVVLRQ
RIDJLQJZDWHUILQDOO\SHQHWUDWHVLQWRWKHFUDFNEXWRQO\ZKHQWKHVWUDLJKWHGJHVRIWKHVDPSOHDUHDOUHDG\VWUHVV
UHOLHYHG7KLVFUHDWHVDORFDOVWUHVVFRQFHQWUDWLRQVWDWHRIFRPSUHVVLRQDORQJWKHIODQNVRIWKHFUDFNDQGDWWKHFUDFN
WLSGHWHUPLQLQJDQLQFUHDVHRIKICZKLFKLVQRWUHODWHGWRPDWHULDOWUDQVIRUPDWLRQV
,QJHQHUDOWKLVZRUNKDVFRQILUPHGWKHSUHFLRXVFRQWULEXWLRQRI3KRWRHODVWLF6WUHVV$QDO\VLVLQLQYHVWLJDWLQJWKH
UHFLSURFDO LQIOXHQFHV RI VZHOOLQJ VWUHVVHV DQG PDWHULDO QHWZRUN FKDQJHV LQ WKH ZDWHU DJLQJ RI JODVV\ WKHUPRVHW
SRO\PHUV ,Q SDUWLFXODU 3KRWRHODVWLFLW\ LV DEOH WR SURYLGH DOVR D TXDQWLWDWLYH DQDO\VLV E\ WKH LPSOHPHQWDWLRQ RI
RSWLPLVHG3KDVH6WHSSLQJWHFKQLTXHV,QJHQHUDOWKLVPHWKRGRORJ\UHTXLUHVORZFRVWHTXLSPHQWVLPSOHODERUDWRU\
VHWXSVDQGLVDEOHWRUHYHDOVZHOOLQJVWUHVVHVZLWKKLJKVHQVLWLYLW\,WWKRXJKUHTXLUHVDVSHFLILFNQRZKRZRIWKH
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RSWLFDOWHFKQLTXHZKLFKLVSUREDEO\QRWFRPPRQDPRQJSRO\PHUVFLHQWLVWV
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